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I. INTRODUCTION

All structural alloys are, with respect to oxygen, thermodynamically
unstable and react to form scales. For many alloys, a protective scale
limits the accessibility of oxygen to the substrate thereby increasing the
useful life of the material. However, in general the useful life is
controlled not by the passage of diffusing species through growing oxide
scales but by the frequency of scale spallationm.

Improved oxide scale adherence through the addition of low levels of
reactive elements such as yttrium has been repeatedly documented in the
literature. Despite extensive research in this area, agreement on a single
mechanism to account for scale adherence benefits is lacking. The
identification of the factors responsible for oxide scale adherence has
been the subject of intensive investigations for several decades, and
numerous mechanisms have been proposed to account for the factors thought
to be important for oxide scale adherence. These include:

(a) The formation of pegs which "anchor" the scale to the substrate (1).

(b) The prevention of vacancy coalescence at scale substrate interface by
providing alternative sites (2).

(c) 1Increased scale plasticity (3).

(d) Modification of scale growth process (4).

(e) Formation of graded scale minimizing thermo-mechanical differences (5)
and,

(f) Modification of bonding forces through preferential segregation (6).

At UTRC it was shown that laser melting and rapid solidification of
thin surface layers on MCrAlY coatings further improved oxide adherence
over and above that observed for yttrium additions.

For example, shown in Fig. 1 are photo-micrographs of the surfaces
after 100 hours of testing of a MCrAlY coated nickel base superalloy. One
surface was exposed to a 7 Kw laser beam prior to testing. The oxide scale
vhich then formed on this surface during test is so thin that the "laser
passes" are still visible through the film. The oxide scale formed on the
reverse side exhibits the molted scale typical of a surface which has
formed, spalled and reformed an oxide many times. Thus, the initial
objective of the program was the characterization of effect (s) by which
laser-processing and minor element additions improve oxide scale adherence
of a NiCrAl turbine coating composition. However, it was shown at the
completion of the first year that sulfur, an indigeous impurity in the
material, caused the oxide scale to spall. Thus the objective of the study
changed to defining the role of sulfur with respect to oxide scale
adherence and elucidate the role of the reactive elements with respect to
oxide scale adherence. However, significant observations were made with
respect to the morphology of the oxide scale that forms on NiCrAl and
NiCrAlY and these are summarized as follows:
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1. A uniformily thick, poorly adherent scale formed on NiCrAl. It is
composed chiefly of large columnar grains. The surface structure of the
oxide suggested porosity the depth of which could not be established from
surface examinations. The metal below the oxide scale exhibited features
which are construed to be Kirkendall voids. However the density of voids
are few and are not believed to be responsible for the extensive degree of
scale spallation. Figure 2 is photomicrograph of the oxide scale which
forms on NiCrAl and a schematic showing the characteristics of the scale is
presented in Fig. 3a.

2. An adherent multilayer scale formed on the surface of NiCrAlY exposed
24 hours at 1050°C., A diamond scribe was used to abrade the oxidized
surface in order to characterize the scale in cross-section without the
complications associated with polishing and etching. Over the gamms phase,
a three-zone oxide layer was observed, Fig. 3b. The outermost layer which
appeared flat was about 0.1 micrometers thick. Below this layer a fine
grained porous appearing zone was observed. Immediately adjacen’ to this
and extending to the metal substrate below was a relatively large grained
apparently columnar oxide, approximately 1.5 micrometer thick. Lastly, a
sparse number of voids were noted. It could not be determined if the voids
were Kirkendall effects or the result of micropegs pulled when the scale
locally exfoliated.

3. A two zone oxide formed over the beta phase, Fig. 4. An outer layer
of nodular oxide growth which visually appeared porous had grown to a
thickness of about 2.8 micrometers. Below this layer, a zone of large
grained columnar oxide, about 1.5 micrometers thick had developed. It is
noted that the thickness of the columnar grained layer in contact with the
metal was the same regardless of whether it was formed over the gamma or
the beta phase.

4. Diamond scribing was also used to examine the oxide scale that formed
on the laser processed NiCrAlY specimens. The oxide structure consists of
two layers, Fig. 3c. The outermost layer formed a large number of alumina
vhisker-like growths on the surface. This layer was about 2.5 microms
thick and porous, Fig. 5. The inner most layer was approximately 0.5
microns thick and was essentually comprised of small equiaxed grains. In
contrast, the oxidized "as annealed" NiCrAlY similarly tested showed a
thick zone about 1.5 microns thick, of columnar grains adjacent to the
metal. Lastly, although the interface between the oxide scale and the
substrate metal was characterized by considerable microporosity, the scale
was strongly adherent.

Experimental Procedure

Alloys were prepared based upon Ni-20 wt pct Cr-12 wt. pct Al (NiCrAl)
with minor element additions by vacuum melting 2 cm diameter rods in
alumina crucibles. The nickel and aluminum used were 99.9 pct pure and the
chromium was 99.99 pct pure. The cast alloys were homogenized at 1200°C
for 48 hours. Minor element additions included yttrium, yttrium sulfide
(Y283) and iron sulfide, (FeS).
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Cyclic oxidation tests were conducted at 1050 and 1180°C (55 min hot -
5 min cool) for up to 1000 hours. Mass decrease indicates scale
exfoliation which is always visually confirmed.

Initial Auger studies were conducted using a model 540 scanning
microprobe. Figure 6, shows the configuration of the specimen, sample
heater, electron gun, cylindrical mirror analyzer and ion sputter gun. The
heater consisted of a resistance heated niobium wire filament surrounded by
tantalum heat shields to which the specimen was clamped facing the electron
beam and analyzer. A Varian Analog System Model VI-18 was later modified
and differed primarily with the substitution of platnium wire as opposed to
niobium wire for the heating of the specimens. Lastly, a Perkin Elmer
PHI-610 Auger/ESCA spectrometer was also used in this study and special
techniques were developed to examine oxide scales. It should be noted that ’
the oxide scale formed at 600°C is quite tenacious and does not readily
spall. However, the oxide scale that forms after exposure for 45 min at
1050°C is virtually completely exfoliated and therefore cannot be brought
intact into the Auger/ESCA environment. However, through a process of
trial and error, it was experimentally determined that the oxide scale
formed when NiCrAl is exposed at 1050°C for 20-25 min. appears adherent but i
when viewed with the scanning electgron microscope contains cracks and
fissures within the scale. Various glues were examined and determined to
be free of sulfur. An aluminum block was attached to the oxide scale
through the organic glue which allowed removal of the scale within the
Auger chamber.

The following seguence of Auger procedures was used: (a) evacuation
of the chamber to 10 ° torr, (b) chamber back fill with argon and ion
sputter etching (2 Kv, 30 Halgto remove atmospheric surface contamination,
(¢) chamber evacuation to 10 ° torr, (d) specimen heating and Auger
analysis, (e) chamber backfill with argon and ion sputter etching and Auger
analysis to provide chemical depth profiling. Estimated surface
compositions were obtained from Auger spectra by measuring peak heights and
using elemental sensitivity factors as discussed in the "Handbook of Auger
Spectroscopy” (7). Lastly, it should be noted that a thermocouple spot
welded to the sample was used to monitor temperature. Samples were heated
to temperature between 700 and 1000°C. Surface composition was monitored
as a function of time at each temperature until steady state conditions !
were obtained. Several Auger spectra were then recorded.

Experimental Results
1. Auger Studies

Typical auger spectra for NiCrAl at room temperature, 700°C and :
1000°C are shown in Fig. 7. With increasing temperature the dominant
surface species is sulfur. The calculated surface concentration of sulfur
for NiCrAl and NiCrAlY alloys (with and without preheat sputter cleaning)
are shown as a function of temperature in Fig. 8. Note that the sulfur
concentrations were much higher on the NiCrAl (approximately 20 at. pct)
than on NiCrAlY (approximately 5 at. pct) and increased very slightly with
temperature. Subsequent chemical depth profiling using argon ion
sputtering showed that sulfur was present in a layer less than 20A thick.
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Attached to the Perkin Elmer PHI 610 unit is a residual gas amnalyzer.
At 600:g both SO and SO, are observed. For a total system preggure of
8 x 10 ~ torr, the maximum SO, height corresponds to about 10 torr
or 0.125% of the total_fﬁsidual gas. In comparison the water pressure
corresponds to 10 x 10 torr. Moreover, the sulfur-bearing gases are
not detected unless the MCrAl(Y) specimens are present and heated.

Scanning auger electron micrographs were taken to characterize the
distribution of elements present on the surfaces of the NiCrAl specimens.
Oxygen is present on the surfaces of both the gamma and beta phases.
Surface oxygen enrichments form because of the reaction of the heated metal
surface with the H,0 present in the residual gases. Of significance is
the observation that surface sulfur segregation occurs principally on the
gamma phase which is rich in chromium.

2. Oxidation Studies

The cyclic oxidation tests were conducted at 1050 and 1180°C (55
minutes at temperature, and 5 minutes at room temperature) and are
presented in terms of mass change per unit area as a function of time. A
negative mass change indicates scale exfoliation.

There is little doubt that the presence of very small amounts of
elemental yttrium significantly improve the ability of the NiCrAl alloy to
resist scale spallation, as shown in Fig. 9.

An increase in the nominal sulfur content of the NiCrAl alloy from
about 50 ppm to 300 ppm (by the addition of FeS) did not significantly
change the cyclic oxidation behavior of the alloy (Fig. 9). However, when
the same amount of sulfur was added to the NiCrAlY composition, the alloy
did not form an adherent oxide scale, and the oxidation behavior of the
sulfur doped NiCrAlY alloy was for all practical purposes identical to that
of the NiCrAl alloy. Lastly, when additional yttrium was added to the
sulfur doped (FeS) NiCrAlY alloy, the ability of the alloy to form an
adherent oxide scale was restored. However, although the data strongly
suggests that sulfur is the principle agent effecting the adherence of the
oxide scale, both sulfur and iron were introduced into the alloy.

Yttrium sesquisulifide is a stable compound and in a series of
experiments was used along with elemental yttrium in order to further
illustrate their individual roles with respect to oxide scale adherence.
The addition of elemental yttrium prevented oxide scale exfoliation as once
again demonstrated by the small mass increase, (NiCrAlY vs NiCrAl, Fig.l10).
With yttrium sulfide (Y,S,) additions, severe scale exfoliation ensued
resulting in large mass 10sses. Lastly, when both elemental yttrium and
yttrium sulfide were added, good oxide scale adherence and slight mass
increases were effected.
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Similar results were observed when the same tests were performed at
1180°C. The baseline alloy NiCrAl showed mass losses almost from the
inception of the test, Fig. 11. With the addition of elemental yttrium to
the baseline composition, oxide scale adherence was enhanced. However,
vhen yttrium was added to the baseline alloy as the sesquisulifide
(Y.S,), oxidation resistance was severely degraded, Fig. 11. Omly with
the addition of elemental yttrium to the Y,S,-containing alloys, were
good oxide scale and protective kinetics re-engendered.

3. Microscopy Studies

The overall phase distribution of the NiCrAl alloys has been
well documented (8,9) and the principal metallic phases were the gamma
nickel solid solution and the intermetallic phase NiAl. At room
temperature, alpha chromium precipitates were visible within the NiAl
matrix. In addition to the metallic phases, fine inclusions were observed
and these were identified based upon electron microbeam studies to be
enriched in aluminum and oxygen.

In addition to the oxide inclusions, precipitates were observed which
were enriched in sulfur. Indeed, numerous sulfur containing particles were
found randomly dispersed along with oxide particles within the NiCrAl alloy
(10). 1t was also reported that the sulfur-containing particles were
enriched in aluminum and/or chromium.

The addition of yttrium to the NiCrAl alloy resulted in the
precipitation of nickel yttride phases. It was also noted that for
specimens examined several days after polishing that the nickel yttride
phase particles were essentially converted to a yttrium—enriched oxide
phase. This room temperature oxidation has been previously reported (11).
Lastly, of note was the absence of numerous sulfur rich particles in the
NiCrAlY alloy. After extensive examination of several specimens, only a
singular particle enriched in sulfur was noted in the NiCrAlY. The sulfur
enriched particle also contained both yttrium and oxygen.

Extensive microscopy studies were performed on NiCrAl and NiCrAlY
specimens oxidized for up to 100 hours at temperatures to 1180°C. Although
the oxide scale that forms on NiCrAl spalls, areas exhibiting partially
adherent scales were identified, metallographically mounted and polished.
In examination by the electron microbeam probe in line scan mode, regions
of the specimens with alumina scales still adherent showed sulfur
enrichments at the scale-metal interface, Fig. 12. The same technique was
uged to examine the scale-metal interfaces for NiCrAlY specimens; however,
no similar sulfur enrichments were found.

To discern more closely if sulfur enrichments were to be found at the
scale-metal interface of oxidized NiCrAlY specimens, the surfaces were
examined by scanning transmission electron micrscopy. The scales were
mechanically removed, and particles present at the scale-metal interface
were examined. In the case of both isothermally and cyclically tested
specimens, numerous sub-micron particles were detected. However, whenever
a particle was identified as having an yttrium-enrichment concomitantly a
sulfur-enrichment was also observed.
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4, ESCA Studies

2 Electron Spectroscopy for Chemical Analysis (ESCA) also known as
h% X-ray Photoelectron Spectroscopy (XPS) is an analytical technique for

» investigating the chemical composition of solid surfaces. It involves
‘ irradiation of the solid in vacuo with monoenergetic soft x-rays.

’ Quantitative data is obtained from peak heights and identification of

i chemical states is made from the position and separations of peaks and
(- spectral contours.

{ The binding energy for sulfur and its compounds is shown in Fig. 13.
3 There is limited data for metallic sulfides and therefore, a portion of
) this study is devoted to the generation of specific data for the sulfide or
& nickel, chromium, and aluminum.

i Ions of sulfur were implanted in Ni, Cr, Al, NiCrAl, NiCrAlY and
Y A1,0,. A Varian/Extrion Model 200 CFS ion implanter was used in this

v study. The specimens were mechanically clamped to a liquid cooled
5: substrate holder. A typical implant schedule is shown below.

- Energy Level Dose

<o
[ keV ions/cT§
-7 20C 2x 1007,
Pt 80 5.4 x 1016

. 30 2.5 x 10

j Figure 14 is typical of the data generated for sulfur doped

v aluminum. In general, it is possible to identify the outer oxide scale, an
o inner zome richer in sulfur and the matrix alloy. From these studies the
. Research Center experimentally determined the binding energy for the metal
£Y sulfides of interest and these values are listed in Fig. 15. It is

~ concluded that for all practical purposes, the similarity in binding

N energies of the sulfides preclude individual identification. However, it
1.: is possible to separate sulfide from elemental sulfur.

x

B ESCA survey studies of sputter cleaned specimens at room temperature
v and at 600°C clearly indicated peaks associated with the major components
5 present, i.e. Ni, Cr, Al and 0. Nothing unusual was observed in their peak
i position.

-

fj Relevant to the studies conducted here, ESCA data collected for

’ surface segregated sulfur for relatively short times, i.e. approximately 2
F min. with the specimen at 600°C, yielded a very noisy binding energy curve,
.j» Fig. 16. The only point that could be made for this short time data was

e that a_geak was likely present at 162 ev. That peak could be associated

- with 8§ © (8).
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However long term collection of ESCA data for the surface segregated
sulfur was also performed. After nine hours of data collection, an
unsymmetrical peak was observed for the surface segregated sulfur, Fig. 17.
With the assistance of ESCA data taken on an elemental sulfur specimens, it
was possible to deconvolute the asymmetric peak to twe peaks: omne at 164
ev and one at 162 ev, Fig. 18.

Based on both literature data for inorganic sulfides and ESCA
measurements on chromium sulfide, nickel_gulfide and aluminum sulfide, the
peak at 162 ev was associated with the S © moiety. With the resolution
of the ESCA used in studies conducted here, it was not possible to
determine whether this was a nickel-, chromium-, aluminum-sulfide or some
mixture of any of all of the sulfides of these metals.

The peak at 164 ev on the NiCrAl specimen matched the peak for
elemental sulfur. A curve fitting program determined that the total area
peak associated with all sulfur-bearing species in Fig.l8, is comprised of
a_%OZ contribution from the elemental sulfur and an 80% contribution from
s ~.

DISCUSSION

It is well documented that low levels of reactive elements such as
yttrium markedly improve oxide scale adherence. The mechanisms proposed to
account for the improvements have been previoulsy described. The lack of
agreement on a single mechanism, despite extensive research, may indicate
that the actual mechanism has yet to be identified.

A new mechanism is herein proposed. It is proposed that the bond
between the normally protective alumina scale and the substrate alloy is
quite strong. However, sulfur present within the alloy segregates to and
weakens the bond thereby promoting scale exfoliation. It is further
proposed that reactive element additions reduce sulfur segregation to the
oxide scale-metal interface, thereby improving scale adherence. Because
the reactive elements which improve scale adherence (yttrium, hafnium,
etc.) are strong sulfide formers, they can reduce sulfur segregation by:
(1) reacting with sulfur during liquid phase processing thereby removing
sulfur from the alloy; or (2) reacting with sulfur in the solid state,
thereby producing a refractory sulfide and lessening the concentration of
sulfur in solution which is able to segregate. When the reactive elements
are added as oxides, their role may be to additionally provide an increased
amount of oxide-metal interface, thereby reducing the amount of sulfur
available for segregation to the critical protective oxide—metal interface.
This is in addition to the reaction of the oxides to form stable
oxysulfides.

In support of the proposed mechanism, the strength of grain boundaries
in nickel alloys can be improved by an analogous mechanism. In the absence
of reactive elements, sulfur segregates to and embrittles grain boundaries,
(12-15). Additions of reactive elements have been shown to reduce sulfur
segregation and improve grain boundary strength (14, 15).
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A close relationship eixsts between the elements which segregate to
grain boundaries and those which segregate to exterior surfaces although
differences are noted in enrichment ratios and other segregation
characteristics (16). Both surface and grain boundary segregation are
derived by reduced interfacial energy and by the energy reduction achieved
when a solute atom which fits poorly in a matrix lattice (due to size or
electronic considerations) moves to the more open interfacial structure.
Sulfur has been repeatedly observed to segregate to the exterior surfaces
of nickel and nickel base superalloys (17-23).

NiCrAl and NiCrAlY both form alumina scales when they are exposed in
air at elevated temperatures. However, the scales that form on the surface
of the NiCrAl alloy spall. The addition of sulfur in the form of iron
sulfide does not improve oxide scale adherence with respect to the NiCrAl
specimens. Most important however, the addition of the sulfur does cause
the scale that forms on the NiCrAlY alloy to spall. The ability of the
alloy to form an adherent spall resistant oxide scale is re-established
only when additional quantities of yttrium are added to the alloy. Thus,
these results strongly imply that a relationship exists between sulfur,
yttrium and iron and the ability of the alloy to resist oxide scale
spallation.

In order to eliminate the role of iron and establish the relationship
between sulfur, yttrium and oxide scale spallation, yttrium was added as
the element and as the sesquisulfide. Sulfur was added only as the
sesquisulfide.

As previously noted, it is well established that minor additions of
elemental yttrium or the oxide markedly improves oxide scale adherence.
However as is clearly shown in this study the addition of yttrium as the
sesquisulfide did not impart beneficial oxide scale adherence effects. The
addition of Y,S, to NiCrAl actually increased the rate at which the
alloy lost mass. This result clearly establishes the fact that the
addition of a source of yttrium is in itself insufficient to improve
resistance to scale exfoliation.

The addition of yttrium to NiCrAl imparts resistance to scale
exfoliation. The addition of yttrium to the NiCrAl + Y S3 alloy also
imparts resistance to scale exfoliation. Yttrium imparts resistance to
scale spallation to alloys which contain sulfur. With respect to the
latter, the yttrium sesquisulfide is the source of "free" sulfur for the
alloy. Although the phase diagram for the yttrium-sulfur system has not
been reported, the most metal-rich-yttrium-sulfur phase reported is the
monosulfide, YS. If in the alloy the sesquisulfide phase were to decompose
to the monosulfide, then additional "free" sulfur would be liberated:

— nan
Y283 > 2YS + S
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Even if the yttrium sesquisulfide did not decompose to the most metal-rich
yttrium sulfide reported, namely YS, but halted at some intermediate
sulfide composition, some sulfur would effectively be added to the alloy.
This additional liberated sulfur present within the alloy would exacerbate
the oxide scale adherence properties of the alloy. Thus, the role of the
additional yttrium is to react with and tie up the excess sulfur.

As previously discussed, sulfur segregates to the free surface. While
measurements at 800-1000°C resulted in a calculated surface sulfur
concentration of approximately 20 atom percent, at the lower temperature
(600°C) an enrichment of only 1.9 atomic percent was noted. However,
because the residual gas analyzer revealed both SO and SO, in the ambient
atmosphere when the Ni-20Cr-12A1 specimens were heated, t%e 1.9%
enrichment is not to be construed as a thermodynamic equilibrium as
opposed to a steady state value.

The short - me ESCA measurements gave evidence for omnly 8—2 based
upon literature data for inorganic sulfides (24) and actual measurements on
aluminum—, chromium- and nickel-sulfides. The ESCA data could not be
resolved sufficiently_&o indicate which metal species (or specie) was
associated with the 8 = peak. However, based upon the auger electron
maps, the sulfur was associated with chromium enrichments to be found in
the gamma phase (25).

Based upon these findings, it could be suggested that at least ome
role chromium plays in these alloys is to chemically interact with and
reduce the thermodynamic activity of the sulfur in the alloy In support of
this suggestion, the reported activity of aluminum,in a NiCrAl composition
close to that studied here was approximately 6x10 ~ while that for
chromium was approximately 0.5 (26). Given the thermodynamic data for
Al,.S. and "CrS" (27), calculations indicate that on a per mole §
basis "CrS" is more stable than Al_S, in this system at temperatures of
1050 and 1180°C. Specifically using data in (26) for the activities of
aluminum and in (27) for the thermodynamic stability of the respective
sulfides, the activity of S, (9) above chromium and aluminum is
calculated to be:

Temperature Calculated Activity of S,(9) Over
°C Aluminum Chromium
1050 1.1x107 1.7x10 "
1180 1.9x10 3.8x10

Hence, clearly at least in this temperature range, the chromium in the
alloy lowers the sulfur activity greater than that of aluminium.

Despite this ability of chromium to reduce sulfur activities, active
elements such as yttrium would reduce it much more. Yttrium sulfide is
reported to be far more stable than "CrS" (27,28). Based on available
thermodynamic data (28) and assuming an activity for yttrium equal to its
mole fraction in the alloyscthe calculatgd S (9) activity over the
NiCrAl-0.1Y alloy is 5X10 and 1.6x10 at 1050°C and 1180°C,
respectively,
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The observation of unsymmetrical peaks in the ESCA studies is
attributed to the presence of elementgi sulfur. These peaks were
deconvoluted to one attributable to § © at 162 ev and one attributable to
elemental sulfur at 164 ev. The approximate steady state composition of
the overall sulfur peak was 207 elemental sulfur and 80% sulfide.

It should be noted that when viewed with the scanning electron
microscope using EDAX techniques, a characteristic sulfur peak would
initially appear and then disappear into the background spectrum noise.
This observation is consistant with localized regions containing a labile
form of sulfur. Elemental sulfur would evaporate under the electron beam
and hence explain the labile properties associated with the transient
sulfur peaks.

Regarding the order of the sulfur layers, free sulfur could be present
(1) as a discrete layer below the sulfide layer, (2) intimately
intermingled with the sulfide layer, or (3) as a discrete layer above the
sulfide layer adjacent to the oxide scale.

The following model is consistant with all of the aforementioned
observation associated with the "rare earth" effect and with the
observations made in this study.

With respect to the NiCrAl alloy, initially a thin film of oxide forms
on the surface of this two phase alloy. The oxide scale is strongly
adherent and resists exfoliation. Glued rods could not separate the
freshly formed oxide from the substrate. With time, sulfur segregates to
the surfaces and appears to be initially most pronounced to the surface of
the gamma phase.

With increased time a sulfide and free sulfur layer are present at the
scale-metal interface. This sulfide/sulfur layer then effectively acts as
a continuous layer upon which the alumina film grows. Thus, for a
yttrium-free NiCrAl alloy, the mature oxide scale appears morphologically
uniform regardless whether it has formed over the beta or gamma phases of
the alloy.

In the presence of yttrium, sulfur segregation is reduced. In the
absence of the sulfide/sulfur layer, the alumina scale that forms on the
alloy reflects the nature of the alloy phase (beta or gamma) upon which it 1
is growing. Hence, the more complex oxide morphologies are produced.
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SUMMARY AND CONCLUSIONS

e
. Sulfur is an indigenous impurity present at tramp levels within nickel

base alloys. Precipitated sulfides are identifed within NiCrAl and NiCrAlY
alloys.

Auger studies show that sulfur segregates to free surfaces. Sulfur is

identified at the critical oxide scale metal interface.
o, e

The addition of sulfur as/FeS to NiCrAl+Y causes the alloy to form

non-protective oxide scales which readily spall.
1T s T :

The addition of sulfur as ¥,S, to NiCrAl+Y causes the normally

protective oxide scale to spall.

Sulfur causes the oxide scale to spall. Sulfur is present at the
scale-metal interface in compound and elemental form. Based upon the ESCA
studies, the approximate steady state composition of the overall sulfur
peak is 20 a/o elemental sulfur and 80 a/o sulfide.

In summary, a new and different mechanism is proposed. It is proposed
that the alumina scale that forms on NiCrAl alloys are quite adherent.
Sulfur in the alloy segregates to and weakens the bonds at the oxide
scale-metal interface. The role of the reactive materials which promote
oxide scale adherence is to interact with and form stable compounds thereby

decrease the migration and concentration of sulfur to the critical oxide
scale-metal interface.
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